Background: Undernutrition is associated with an elevated risk of mortality among children in low-and middle-income countries. Small-quantity lipid-based nutrient supplements (LNS) have been evaluated as a method to prevent undernutrition and improve infant development, but the effects on mortality are unknown. Objective: Our objective was to evaluate the effect of LNS on allcause mortality among children 6-24 mo old. Methods: We conducted a systematic review and meta-analysis of randomized controlled trials of LNS designed to prevent undernutrition, with or without other interventions. Literature was searched in May 2019 and trials were included if they enrolled children between 6 and 24 mo old and the period of supplementation lasted ≥6 mo. We extracted data from participant flow diagrams and contacted study investigators to request data. We conducted a meta-analysis to produce summary RR estimates. Results: We identified 18 trials conducted in 11 countries that enrolled 41,280 children and reported 586 deaths. The risk of mortality was lower in the LNS arms than in the non-LNS comparison arms (RR: 0.73; 95% CI: 0.59, 0.89; 13 trials). Estimates were similar when trials with maternal LNS intervention arms were added or when alternative formulations of LNS were excluded. The results appeared stronger in trials in which LNS were compared with passive control arms. Excluding these contrasts and only comparing multicomponent arms with LNS groups and comparison groups that contained all the same components without LNS attenuated the effect estimate (RR: 0.82; 95% CI: 0.61, 1.10). Conclusions: LNS provided for the prevention of undernutrition may reduce the risk of mortality, but more trials with appropriate comparison groups allowing isolation of the effect of LNS alone are needed. This study was registered at www.crd.york.ac.uk/PROSPERO as CRD42019128718.
Introduction
Globally, an estimated 5.5 million children <5 y of age die each year, the majority from preventable causes (1) . Undernutrition among infants and children <2 y of age remains common in low-and middle-income countries and is associated with increased risk of mortality, including among children with mild to moderate degrees of undernutrition (2, 3) . Among severely or moderately malnourished children, readyto-use therapeutic and supplementary foods have been found to significantly improve recovery rates and reduce the risk of mortality (4, 5) . Lipid-based nutrient supplements (LNS) are available in various quantities and formulations for the prevention or treatment of malnutrition (6) and are designed to provide multiple micronutrients embedded in a food base that also provides energy, protein, and essential fatty acids. Large-quantity LNS are typically used for treatment of severe acute malnutrition and provided in dosages of ≥500 kcal/d (5) . Medium-quantity LNS are generally offered as ready-to-use supplementary food for the treatment of moderate acute malnutrition in dosages of 250-500 kcal/d, and small-quantity LNS are generally given as 100-120 kcal/d for the prevention of undernutrition.
The primary objective of most trials of small-quantity and some trials of medium-quantity LNS has been to evaluate their efficacy for the prevention of malnutrition, and such trials have therefore focused on linear growth and risk of stunting as their primary outcome measures. Many trials also have evaluated indicators of child development as secondary outcomes. The combination of macro-and micronutrients addresses multiple potential nutritional deficiencies and thus may also reduce child mortality, although none of the trials had been designed with this as an explicit objective. A recently published review considered the impact of small-quantity LNS on a variety of outcomes, including all-cause mortality (7) . However, the analysis of the effect on mortality was limited because the authors only included 3 trials, 2 of which reported deaths when children were <6 mo old and therefore too young to have been directly exposed to LNS. The recent publication of a number of additional large trials of LNS provides a larger sample size to examine this outcome. Thus, the objective for this meta-analysis is to evaluate the effect of small-and medium-quantity LNS on child mortality, using an expanded set of trials and restricting the analysis to children who were ≥6 mo old, i.e., eligible to receive LNS. We hypothesize that children 6-24 mo old who receive LNS for a minimum of 6 mo will have a lower mortality rate than those who do not receive LNS.
Methods
The study was registered through Prospero (CRD42019 128718) and a detailed statistical analysis plan was developed and posted publicly (https://osf.io/q76r8/) before beginning the analysis. The primary and only outcome considered in this analysis was all-cause mortality.
Potential trials for inclusion in the meta-analysis were identified using a systematic review process that mirrored that of the recent meta-analysis of LNS (7) . To capture additional, recently published trials, we repeated the search protocol described by Das et al. (7) Specifically, we searched 16 international and 9 regional databases in May 2019 using the keyword and the same controlled vocabulary search terms laid out by Das et al.; reference lists of newly included trials were reviewed to identify any additional trials. The titles and abstracts of all identified records were screened; full-text reports for potentially eligible trials were reviewed using the inclusion and exclusion criteria described below. When only meeting abstracts were identified, we contacted the authors to invite them to share their results.
Inclusion and exclusion criteria
We restricted this analysis to prospective randomized controlled trials conducted in low-or middle-income countries that were designed such that all enrolled children were eligible to receive ≥6 mo of supplementation between 6 and 24 mo of age. Trials were excluded if they focused primarily on the treatment, not prevention, of malnutrition. Generally, this was defined as those trials in which severe or moderate malnutrition was an inclusion criterion for children in the trial. We did not include trials that provided ≥500 kcal LNS/d because such quantities exceed the average energy needed from non-breast-milk sources at 6-12 mo (6) and thus may reduce breast-milk intake and/or lead to incomplete consumption of the daily ration, thereby reducing the dose of micronutrients and fatty acids received. Both of these consequences could compromise the potential benefits of LNS. Trials that did not formally exclude children with severe or moderate acute malnutrition, as part of the larger sample, were included in this analysis.
Because many trials enrolled children before the supplementation age of ≥6 mo, we restricted our analysis to children who were still in the trial at the time of initiation of child supplementation. When possible, this restriction was applied through careful extraction of data from publications; when not possible, we reached out directly to investigators.
Our primary comparison was of children in small-and medium-quantity LNS intervention groups with those in non-LNS control groups. If a single trial contained multiple relevant LNS interventions (e.g., varying dosages, formulations, or combinations in different arms), we combined these groups so that there was a single comparison per trial. In some cases, LNS were provided in combination with other interventions within a single intervention arm. All forms of small-quantity and medium-quantity LNS and interventions that included LNS were included as "LNS" in the primary analyses and were differentiated in prespecified sensitivity analyses described below. Non-LNS comparison groups varied by trial. For the primary comparison, we considered all non-LNS arms as a "Control" group for that trial, excluding intervention arms that received other types of (non-LNS) child supplementation, such as micronutrient powder or other fortified blended foods.
Intervention arms that included maternal LNS supplementation, in addition to child LNS, were excluded from the primary analysis. Maternal LNS supplementation may influence infant mortality independently of child LNS supplementation, as suggested by the lower RR for neonatal mortality in a recent meta-analysis of maternal LNS trials (0.72; 95% CI: 0.47, 1.10) (8) . Although this was not statistically significant, that analysis was limited in power owing to a relatively small sample size, because only 3 trials were included (8) . Our meta-analysis focuses on child mortality after 6 mo of age, when a residual effect of maternal supplementation is less likely. Nonetheless, it is possible that maternal LNS supplementation may affect the risk of mortality after 6 mo, e.g., because of longer-term effects on immune function related to birth size (9) . For this reason, we excluded the trials that included maternal LNS from our primary analysis, but included them in a separate sensitivity analysis described below.
Risk of bias assessment
Risk of bias in the included trials was assessed using the criteria in the Cochrane Handbook for Systematic Reviews of Interventions (10) . Two reviewers evaluated each trial against the following criteria: random sequence generation, allocation concealment, blinding of participants and personnel, outcome assessment bias, incomplete outcome assessments, selective outcome reporting, and other sources of bias.
Data extraction
Data were extracted primarily from participant flow diagrams. When insufficient detail was available in the diagram, we contacted investigators for additional information. If the child supplementation began at enrollment, our denominator for analysis was the number of children enrolled. All deaths after enrollment were considered events. If supplementation began after enrollment (e.g., trials that enrolled during pregnancy), the denominator was the number of children alive and still enrolled when supplementation began. Only deaths that occurred after supplementation began were considered as events. Data extraction was independently replicated.
Data analysis
Our parameter of interest was the pooled RR of all-cause child mortality comparing LNS with non-LNS intervention groups. We used a patient-weighted random-effects method proposed by Shuster and Walker (11, 12) to include trials in which 1 or both arms had 0 events. We did not adjust our methods for the inclusion of cluster-randomized trials. A recent meta-epidemiological study comparing effect estimates between cluster-randomized trials and individually randomized trials found no systematic differences between the estimation methods and concluded that the 2 types of trials can be safely pooled together for binary outcome meta-analyses (13) . Statistical analyses were performed using SAS software, version 9.4 (SAS Institute Inc.).
We explored trial protocol heterogeneity by summarizing the methods, participants, interventions, monitoring approaches, and potential for bias of each trial. Trials with protocols that differed substantially from the rest triggered discussion of sensitivity analyses, which are described below. For statistical heterogeneity we present I 2 and τ 2 statistics.
Based on a preliminary literature search, we expected to find ≥18 trials with ≥32,500 participants and 400 deaths. Assuming similarly sized trials with equal-sized treatment groups, we would expect to have 80% statistical power to detect an RR of 0.77 between intervention and control groups at the 95% confidence level.
Sensitivity and secondary analyses
The majority of trials used similar LNS distribution mechanisms [e.g., weekly or monthly rations provided by study staff, community health workers, or other health extension agents together with some infant and young child feeding (IYCF) counseling] and used similar formulations of LNS, specifically peanut-and milk-based products providing ∼1 RDA of most micronutrients. However, some trials integrated LNS supplementation together with other types of interventions, such as water, sanitation, and hygiene (WASH) or enhanced morbidity monitoring and treatment. The comparison groups also differed between trials. Most had an active control group for which there was a similar visit frequency or set of activities as for the LNS intervention group. However, some trials had a passive control group or nonintervention group, for which there were no contacts between study staff and research participants apart from enrollment and follow-up data collection visits. In addition, some trials provided alternative LNS formulations or supplementation to both the mother and child. These variations in trial design might affect the effect size of the mortality estimates. Therefore, we conducted a series of sensitivity analyses using the following inclusion and exclusion criteria applied to the data included in the primary analysis: 1) Inclusion of intervention arms with maternal supplement components.
2) Exclusion of intervention arms with LNS formulations that
were not milk-and peanut-based.
3) Separate comparison of multicomponent arms with LNS
groups and comparison groups that contained all the same components without LNS (e.g., LNS + WASH compared with WASH) and exclusion of trials with only passive control arms.
Finally, in a secondary analysis, we conducted a comparison of LNS intervention arms with non-LNS supplementation arms. Some trials included products such as micronutrient-fortified wheat-soy blend (WSB), corn-soy blend (CSB), Nutritabs, or micronutrient powders (MNPs). All of these analyses were considered exploratory.
Results
We identified 18 trials that met the inclusion criteria for the primary, secondary, or sensitivity analyses (Figure 1) . The 18 included trials were conducted in 11 countries, enrolling 41,280 children and recording 586 deaths (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . A brief description of each trial is included in Table 1 and information about how each trial was included in each set of analyses is shown in Supplemental Table 1 . Trials were considered to generally have a low risk of bias, with the exception of blinding of participants owing to the nature of the intervention (Supplemental Table 2 and Supplemental Figure 1 ).
In the primary analysis, which included 13 trials with 34,051 participants, there was a 27% lower risk of all-cause mortality (RR: 0.73; 95% CI: 0.59, 0.89; I 2 = 23.2%, τ 2 = 0.044) ( In a sensitivity analysis in which passive control trials were excluded and multicomponent arms (e.g., WASH + Nutrition) were compared with reference groups with the same components without LNS, the point estimate of the RR shifted toward the null and was no longer statistically significant (0.82; 95% CI: 0.61, 1.10; I 2 = 33.3%, τ 2 = 0.10) ( Figure 5 ; 11 trials; 23,373 participants). To understand this attenuation of the point estimate, we further examined whether the Water, Sanitation, or Handwashing interventions might have had an effect on mortality ( Supplemental Table 3 ). In the Kenya trial, the WASH + Nutrition group had the lowest risk of death (10/1000), followed by the Active Control group (16/1000) and the Water group (19/1000). The Nutrition-only arm had a mortality rate of 24/1000 and all other groups were between 20/1000 and 30/1000. None of the Water, Sanitation, Handwashing, or combined WASH arms had a mortality rate lower than the Active Control arm, even though all arms except for the passive control arm had active visitation. For comparison, in WASH Benefits Bangladesh, none of the Water, Sanitation, or Handwashing arms, or the combined WASH or WASH + Nutrition arms, had a mortality rate lower than the control group (in this case, passive control); the only arm that had lower mortality was Nutrition (only). In the other WASH + Nutrition trial (the SHINE trial in Zimbabwe), the mortality rate was also lowest in the IYCF arm and was not improved by the addition of WASH.
In a secondary analysis, we compared LNS interventions with other supplement comparison groups (non-LNS, e.g., WSB++, CSB, MNP, or Nutritabs). The results were not statistically significant (RR: 0.76; 95% CI: 0.37, 1.58), but the point estimate was similar to that of the primary analysis (Supplemental Figure 2 ; 7 trials; 8681 participants). There was a much smaller sample size and larger degree of heterogeneity in these analyses, however (I 2 = 52.8%, τ 2 = 0.384).
Discussion
These results suggest that LNS supplementation for a minimum of 6 mo among children aged 6-24 mo may reduce the risk of mortality. The estimated reduction of 27% in all-cause mortality between 6 and 24 mo of age in the primary analysis, based on data from 13 trials with 34,051 children, was robust to the inclusion of interventions combined with maternal LNS supplementation or to the exclusion of alternative formulations of LNS. Our primary analysis included all studies and intervention arms containing LNS and compared those with arms without LNS with a goal of maximizing the sample size and power to detect a difference. In a more restrictive sensitivity analysis in which we excluded passive control arms from the analysis and only contrasted LNS groups with comparison groups that contained all the same components without LNS, the estimated risk reduction was reduced to 18% and was no longer statistically significant.
There are a few notable differences in comparing the primary analysis with the latter sensitivity analysis. First, the sensitivity analysis excluded the iLiNS-Zinc trial in Burkina Faso (21) and the Ghana trial (14) completely, which may explain some of the attenuation in effect in this sensitivity analysis. The iLiNS-Zinc trial was the only trial that independently had a significant mortality risk reduction (RR: 0.43; 95% CI: 0.25, 0.71) and it also provided surveillance and treatment of diarrhea and malaria in the intervention groups but not in the passive control group. The second difference was in the contrasts for the 3 WASH + Nutrition trials (WASH Benefits Bangladesh and Kenya and SHINE in Zimbabwe). To isolate the effects of LNS, this sensitivity analysis compared the LNS arm with the Active Control arm in WASH Benefits Kenya and SHINE and the LNS + WASH arm with the WASH arm in all 3 trials. It also excluded the independent water, sanitation, and handwashing arms from the 2 WASH Benefits trials. The difference in the point estimate in this sensitivity analysis compared with the primary analysis did not appear to be due to a protective effect of the WASH interventions. There was no risk reduction in those arms in either of the WASH Benefits trials. Although the combined LNS + WASH arm had a nonsignificantly lower mortality rate than the LNS arm in Kenya, this was not the case in the other 2 trials. The LNS + WASH arm in WASH Benefits Bangladesh had a higher mortality rate than the LNS group. Similarly, in the SHINE trial, the LNS + WASH group had a higher mortality rate than the LNS group. Lastly, this sensitivity analysis included a smaller sample size (23,373 compared with 34,051 in the primary analysis) and fewer deaths (349 compared with 512), which reduced the power to detect differences. We cannot draw conclusions about the comparison of LNS with alternative products. The sample size in this analysis was small (n = 8681 children and n = 72 deaths) and there was a lot of variation in the comparison products, which likely partly explains the large degree of heterogeneity in the results.
Our estimated effect differs from the RR of 0.93 (95% CI: 0.63, 1.37) recently reported by Das et al. (7) in a number of ways. First, our analysis includes 41,280 children, whereas their analysis included 3321 children. Second, our analysis is restricted to children who were eligible to receive LNS. In the Das et al. review, 2 of the trials were maternal + child LNS trials (15, 16) and mortality outcomes were reported from birth. Thus, some of the deaths occurred before the age of 6 mo when children would have been eligible to first receive LNS directly. Third, in our primary analysis, we combined all groups who received LNS and compared them with all groups who had not received LNS, enabling us to draw more information from the trials.
Our estimated effect size is similar to that reported for the effect of maternal LNS on neonatal mortality (RR: 0.72; 95% CI: 0.47, 1.10), although this was not statistically significant (8) . Nevertheless, the consistency in the direction and magnitude of the effect is notable. Additional trials have been completed since the publication of that review (33) , offering additional statistical power to test this hypothesis in the future.
We can only speculate on the potential mechanisms that may explain the observed effect. One possibility is that there was a protective effect through the prevention of wasting. In the Das et al. (7) review, there was an 18% reduction in the prevalence of wasting (RR: 0.82; 95% CI: 0.74, 0.91). Similarly in the PROMIS Mali trial, which was not included in the Das et al. review, there was a risk reduction of 29% in the incidence of acute malnutrition (95% CI: 8%, 46%) (23) . Moderate wasting has been associated with a 3.4-fold increased risk of mortality, whereas severe wasting has been associated with >11-fold increased risk (3) . Undernutrition is also associated with increased susceptibility to and severity of infections. None of the trials reported cause-specific mortality and, although many reported morbidity outcomes, the results have been inconsistent. One trial in Bangladesh (25) reported a reduction in diarrhea, whereas 6 trials (19, 22, 29, 31, 34, 35) did not find a difference and 2 trials (32, 36) reported an increased risk. Five trials (19, 22, 24, 34, 35) reported no effects on pneumonia or respiratory symptoms, and 2 trials (32, 36) reported a reduction in respiratory symptoms. Five trials (24, 29, 32, 34, 36) reported no effects on malaria or fever, whereas 1 trial (27) reported an increase in malaria-related health center visits. Beyond the common symptoms of infection, other complications of acute undernutrition that may increase the risk of mortality include hypothermia, fluid and electrolyte imbalances, hypoglycemia, and cardiac and respiratory dysfunction (37) .
In addition to the biological mechanisms, the intervention may have improved other aspects of caregiving behaviors. Most trials provided counseling by a community health worker or study staff on IYCF or other caregiving messages together with LNS supplementation. It is possible that frequent contact with a health worker could lead to greater care and attention to the child. Most trials included an active control group, in which there was a comparable contact with a health worker. However, there were a few trials with a passive control group. Indeed, when these trials were removed from the analysis, the point estimate shifted toward the null, yet the RR of 0.82 remained of a magnitude of public health importance.
There are some important limitations with this analysis. We lack detailed information on cause-specific mortality, data which could provide insight into possible mechanisms of effect. In addition, the variation in trial design, particularly with respect to passive control groups and multicomponent interventions, complicates the interpretation of results. In the trials with passive controls, there was no contact with participants in the control group yet frequent contact in the intervention groups. The outcome ascertainment may have differed between the arms: retrospective in the control compared with prospective in the intervention groups, which could lead to a biased effect estimate. We would expect this to be minimal for an outcome such as mortality. Yet, active contact with participants could have carried a survival benefit independent of LNS through enhanced care. More trials with a direct comparison of an intervention package with and without LNS are needed.
There are many strengths to this analysis. The sample size was adequate to detect a mortality difference of public health importance. The analytic sample was specific to the period of LNS supplementation, which was achieved by obtaining data from researchers when not available in the publications. All analyses were prespecified and publicly posted. We focused on a single study endpoint and the findings from the sensitivity analyses were generally comparable with that of the primary analysis, suggesting that the results were not due to chance. Overall, there was a generally low degree of heterogeneity across trials in all analyses, as suggested by the I 2 statistics <40% (10) . There also was a low risk of bias across the trials on most criteria, with the exception of blinding participants. Nevertheless, mortality is an objective outcome less affected by respondent or interviewer biases. Selective outcome reporting and publication biases were minimized by extracting the data directly from trial flow diagrams and contacting investigators.
Our analyses suggest that the provision of small-and mediumquantity LNS for the prevention of malnutrition likely is associated with a reduction in the risk of all-cause mortality among children aged 6-24 mo. The trials were conducted in multiple countries in different geographic regions and so these results are likely broadly generalizable to many low-and middleincome country contexts. More research is needed on causespecific mortality to provide a greater understanding of the causal mechanisms and to incorporate into models such as the Lives Saved Tool (38) . Nevertheless, the present analysis provides evidence that reduction in mortality is a likely additional benefit of LNS beyond improvements in growth and micronutrient status.
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